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A Droplet Generator for a Continuous Stream Ink Jet Print Head 



This invention relates to a droplet generator for a continuous stream ink jet print head. 
More particularly the invention relates to such a generator comprising: an elongate 
5 cavity for containing the ink; nozzle orifices in a wall of said cavity for passing ink from the 
cavity to form jets, said nozzle orifices extending along the length of said cavity; and actuator 
means disposed on the opposite side of said cavity to said wall for vibrating the ink in said 
cavity such that each said jet breaks up into ink droplets, in operation of said generator a 
standing wave being present in the ink in said cavity. 
10 An example of a generator as described in the preceding paragraph is disclosed in US- 

A-5,502,473. The generator of US-A-5,502,473 is designed to operate at, or very close to, a 
frequency at which its ink cavity is resonant in the vertical direction, i.e. from the actuator 
means to the nozzle orifices. This requires a very high accuracy in the physical dimensions of 
the stmctural components of the generator. It also permits very little stray in operating 
15 parameters of the generator such as ink composition and temperature. 

US-A-4,827,287 discloses a droplet generator for a continuous stream ink jet print 
head. In this generator, in order to achieve the required jet break up, a travelling wave is 
caused to travel along an elongate nozzle orifice containing plate by means of the direct 
physical vibration of one end of the plate. The area of the plate free to vibrate is narrowed in 
20 the direction of wave propagation to compensate for attenuative losses. US-A-4,827,287 uses 
what is called a waveguided construction. 

According to the present invention there is provided a droplet generator for a 
continuous stream ink jet print head comprising: an elongate cavity for containing the ink; 
nozzle orifices in a wall of said cavity for passing ink from the cavity to form jets, said nozzle 



orifices extending along the length of said cavity; and actuator means disposed on the opposite 
side of said cavity to said wall for vibrating the ink in said cavity such that each said jet breaks 
up into ink droplets, in operation of said generator a standing wave being present in the ink in 
said cavity, characterised in that the cross-sectional area of said cavity varies along its length 
in a manner so as to tailor the form of said standing wave in the cavity such that each said jet 
breaks up into ink droplets at a respective predetermined distance from said wall of the cavity. 

Preferably, the tailoring of the form of said standing wave is such that each said jet 
breaks up into ink droplets at substantially the same predeterafiined..distance from said wall of 
the cavity. 

Preferably, in the case of the preceding paragraph, the cross-sectional area of the cavity 
varies cyclically along its length between minimum and maximum values, said cross-sectional 
area having a minimum value whereat said standing wave has a region of low acoustic 
pressure at the nozzle orifices, said cross-sectional area having a maximum value whereat said 
standing wave has a region of high acoustic pressure at the nozzle orifices. The cyclical 
variation is for example sinusoidal. 

In the case of each of the preceding two paragraphs, the cavity stdtably has a generally 
triangular or a generally rectangular cross-section. 

The invention also provides a method of operating a generator according to each of the 
preceding three paragraphs wherein the parameters of the operation of the generator are 
permitted to stray such that said cavity operates over a range extending substantially all the 
way between two successive resonances in the length of the cavity. Typically the parameters 
of the operation permitted to stray are ink composition and temperature. 

The invention further provides a method of operating a generator according to each of 
the aforementioned three paragraphs wherein the cavity operates at substantially midway 
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between two successive resonances in the length of the cavity. 

A droplet generator in accordance with the present invention will now be described, 
by way of example, with reference to the accompanying drawings, in which: 

Figure 1 is an end view of the generator; 

Figure 2 is a side view of the generator; 

Figures 3a) and 3b) are plan and perspective views respectively of an elongate ink 
cavity of the generator; 

Figures 4a) and 4b) illustrate respectively the ink cavity's minimum and maximum 
cross-sectional area; 

Figure 5 is a perspective view of a known elongate ink cavity; 

Figure 6 is a cross-section of the known ink cavity; 

Figure 7 illustrates, at each of a series of operating frequencies, contours of peak 
acoustic pressure within a plane extending along the known ink cavity; 

Figure 8 compares ink cavity peak acoustic pressure when using the known ink cavity 
of Figures 5 and 6 to that when using the ink cavity of Figures 3 and 4; and 

Figure 9 is a perspective view of an altemative ink cavity according to the present 
invention. 

Referring to Figures 1 and 2, the generator comprises a polyetheretherketone manifold 
1, and, push fitted therein, an actuator 3 and a nozzle carrier S. Actuator 3 comprises a 
piezoelectric driver 9, a stainless steel head 1 1 and a brass backing member 6. Nozzle carrier 
5 comprises a stainless steel element 2 defining therein a cross section channel, and, 
bonded to element 2, a stainless steel foil sheet 10, Sheet 1 0 contains a line of nozzle orifices 
7, and is so bonded to element 2 that this line runs along the length of the open apex of the *V' 
cross section channel of element 2. 
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An elongate ink cavity 13 is defined by the lower face IS of actuator 3 and interior 
faces 17, 19 of element 2 which define the *V' cross section channel of element 2. Actuator 
3 runs the length of cavity 13 and overlaps the ends and sides of cavity 13 at 31 and 33 
respectively. A narrow gap 20 is present on either side of head 1 1 of actuator 3 between it and 
5 manifold 1 . 'O' rings 2 1 seal against the further eggression of ink jfrom cavity 1 3 and gaps 20. 
Thus, piezoelectric driver 9 is sealed from contact with the ink. Channels (not shown) are 
provided in manifold 1 and communicate with gaps 20 for the supply of ink to cavity 13 and 
the bleeding of air/ink from cavity 13. 

At the frequency of operation of the generator, actuator 3 has a vertical thickness 
10 resonance at which all points across the lower face 1 5 of actuator 3 vibrate vertically in phase 
and with the same amplitude, i.e. at which lower face 15 is driven in contact with the ink in 
cavity 13 in piston-like manner. 

Cavity 13 is shaped so as to provide a steady and essentially unidirectional flow of ink 
to nozzle orifices 7. The reducing surface area in the direction of wave travel (i,e. from lower 
1 5 face 1 5 of actuator 3 to nozzle orifices 7) causes an increased acoustic pressure at the apex of 
the 'V cross-section channel as compared to that at lower face 1 S. 

Referring now also to Figures 3 and 4, interior faces 17, 19 of element 2 undulate 
sinusoidally in synchronism thereby to produce a W cross-section body of ink 49 in cavity 13 
having correspondingly undulating sides 5 1, 53, as shown in Figures 3 and 4. The undulation 
20 is greatest at the tops 55 of the sides 5 1, 53 and gradually reduces in the direction of the apex 
57 of the V to peter to zero thereat. The effect of the undulation is that the cross-sectional area 
of the elongate body of ink 49 varies cyclically along its length between minimimi (Figure 4a)) 
and maximum (Figure 4b)) values. The varying cross-sectional area of ink cavity 13 will be 
discussed further below. 
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At the frequency of operation of the generator of Figures 1 and 2, cavity 13 is non- 
resonant in the vertical direction, i.e. from lower face 15 of actuator 3 to line of nozzle orifices 
7. This facilitates a relaxation in the required accuracy of the physical dimensions of the 
structural components of the generator. It also permits greater stray in operating parameters 
of the generator such as ink composition and temperature. 

It is to be appreciated that if cavity 13 were to be designed to be resonant in the vertical 
direction, then it would be necessary at operating frequency for an integer number of half 
wavelengths to fit precisely in this vertical direction between lower face 1 5 of actuator 3 and 
line of nozzle orifices 7. A pure standing wave, extending in the vertical direction, would then 
be established. Thus, the acoustic pressure along line of nozzle orifices 7 would be the same, 
with the desirable result that the jets emanating from the orifices would break up into ink 
droplets at the same predetermined distance from the orifices. Such an arrangement, although 
advantageous in that uniform jet break up is conveniently achieved, is disadvantageous in that 
it is highly sensitive to inaccuracy in the structural dimensions and operating parameters of the 
generator. 

Cavity 13 is also non-resonant along its length in operation of the generator. Thus, at 
operating frequency, an integer number of half wavelengths does not precisely fit into the 
length of cavity 1 3, and therefore a pure standing wave is not established which extends along 
cavity 13. Resonances along the length of cavity 13, so called resonance length modes, 
obviously occur at a series of frequencies. Thus, it is necessary that the generator be operated 
at a frequency that is between two successive lengfli modes. It is to be understood that it would 
not be desirable to operate at a length mode frequency, since the acoustic pressure along line 
of nozzle orifices 7 would vary greatly. This variation would correspond to the nodes and 
antinodes of the established pure standing wave, and result in non-uniform jet break up. 



Clearly, operation is ideally midway between two successive length modes. 

As aforesaid, cavity 13 is operated at a frequency between two length modes. A 
standing wave is established in cavity 13, but not a pure standing wave as mentioned 
previously. The standing wave established is a partial standing wave, and is the resultant wave 
generated by multiple reflections at the walls of cavity 13. There will be further below 
discussion of the operation of the ink cavity of Figures 3 and 4. 

Turning now to the known ink cavity of Figures 5 and 6, this ink cavity is the same as 
that shown in Figures 3 and 4 with the exception that its walls 6 1, 63 do not undulate but are 
flat and planar in form. Thus, the cross-sectional area of the known ink cavity does not vary 
but remains the same along its length. Figures 4a), 4b) and 6 are drawn to the same scale, 
thereby enabling comparison between the minimum and maximum cross-sectional areas of ttie 
body of ink 49 in cavity 13 and the cross-sectional area of the body of ink 65 in the known uik 
cavity. 

Acoustic pressure variation within the known ink cavity will now be considered at each 
of a number of operating frequencies. In Figure 7 each plot is of contours of peak acoustic 
pressure, at a given operating frequency, within plane A drawn in Figure 6, which plane 
extends into the paper in Figure 6. Considering the 88 kHz plot, the 'peaks' 71 along the line 
of no2zle orifices represent regions of high acoustic pressure, and the 'troughs' 73 between 
peaks 71 represent regions of low acoustic pressure. It can be seen that the acoustic pressure 
along the nozzle orifices varies greatly, resulting in non-uniform jet break up. This is also so 
in the case of the plots at all other seven frequencies. Thus, satisfactory operation, i.e. uniform 
jet break up, is not achieved with the known ink cavity at the operating frequencies of Figure 
7. 

A length mode resonance occurs at 91 kHz. Thus, at 91 kHz a pure standing wave is 
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established in the ink cavity. At the other seven frequencies a partial standing wave is 
established. An important feature to note is that both above and below 91 kHz, the regions of 
high and low acoustic pressure occiir at the same spatial positions along the line of nozzle 
orifices. Thus, at 88 and 90 kHz the highs and lows occur at the same spatial positions. 
Similarly, at 92, 94, 96, 98 and 100 kHz the highs and lows occur at die same positions. 
Provided a length mode resonance frequency is not crossed, the spatial position of the highs 
and lows remains constant. In &ct, in any given interval between two successive length modes, 
the spatial locations of the highs and lows are determined by the acoustic pattern of one of 
these two length modes, since it is this pattern that degenerates to provide the highs and lows 
between the two length modes. With reference to the 91 kHz plot and the higher frequency 
plots, the nine 'white stripe* highs of the 91 kHz plot degenerate in the higher frequency plots 
into five highs at the bottom of the ink cavity and four at the top. 

Figures 8a) and 8c) are ink cavity peak acoustic pressure plots at generator operating 
frequency when using the known ink cavity of Figures 5 and 6 (Figure 8a)) and the ink cavity 
according to the present invention of Figures 3 and 4 (Figure 8c)). Figure 8b)) is a repeat of 
Figure 3a), and is drawn in line between Figures 8a) and 8c) to enable the relative positions 
of the acoustic pressure peaks and troughs of Figure 8a) to be compared to the undulations of 
the walls of the body of ink in Figure 8b). It can be seen that interior faces 17, 19 of element 
2 of the generator are arranged to undulate so that body of ink 49 has a minimum cross- 
sectional area 81 whereat there is a region of low acoustic pressure 73, and a maximum cross- 
sectional area 83 whereat there is a region of high acoustic pressure 71 . The effect of this is 
that the regions of high pressure are expanded to reduce the pressure thereat, and the regions 
of low pressure are constricted to increase the pressure thereat. The result is an evening-out 
of the acoustic pressure along the line of nozzle orifices as shown in Figure 8c), resulting in 
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the desired uniform jet break up. 

The alternative ink cavity according to the present invention shown in Figure 9 is the 
same as that shown in Figures 3 and 4 with the exception that the cavity has a rectangular 
cross-sectional area rather than triangular. The design principle is the same, i.e. the walls 91, 
93 of the cavity undulate sinusoidally in synchronism so that the cavity has a minimum 
rectangular cross-sectional area whereat there is a region of low acoustic pressure at the nozzle 
orifices, and has a maximum rectangular cross-sectional area whereat there is a region of high 
acoustic pressure. 

A further disadvantage with the acoustic pressure pattern shown in Figure 8a) is that 
it is not possible to select a single drive voltage for piezoelectric driver 9 at which all jets meet 
the condition that they are satellite droplet firee. The reason for this is that a given drive voltage 
does not 'appear' to have the same value at all nozzle orifices, because of the variation in 
acoustic pressure along the nozzle orifices. Thus, it is possible to select a drive voltage to meet 
the satellite fi-ee condition for say all the nozzle orifices in regions of low acoustic pressxire, 
but adjustment of this voltage to meet the satellite fi-ee condition for the nozzle orifices in 
regions of high acoustic pressure takes the voltage outside the range that meets the satellite 
fi-ee condition for the low acoustic pressure nozzle orifices. The evening-out of acoustic 
pressure at the nozzle orifices shown in Figure 8c) solves this problem. 

The generator described by way of example is operated at a frequency between two 
successive length modes. As pointed out previously, between two such modes the regions of 
high and low acoustic pressure do not change their spatial locations. Thus, provided operation 
is kept between the two modes, satisfactory operation will be achieved. Indeed, operation is 
only limited by the room between the two length modes, which, with a typical ink and a 50mm 
long cavity, would be about 10 kHz. This affords a very stable generator that is highly tolerant 
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of both inaccuracy in the structural dimensions of the generator,, and stray in its operating 
parameters. 

In the generator described above by way of example, the drive signal applied to the 
piezoelectric driver is assumed sinusoidal, single frequency. This generates sinusoidal 
variations in the acoustic pressure distribution in the ink cavity, and necessitates that the 
compensating variation in the cross-sectional area of the cavity be sinusoidal in nature. The 
use of an alternative form of piezoelectric drive signal would therefore require a corresponding 
alternative form of shape profile for the cavity walls, the precise nature of this profile in any 
given case being determined so as to compensate for, i.e. even-out, variation in acoustic 
pressure along the line of nozzle orifices. 

A further advantage of the present invention is that imwanted acoustic variations 
caused by other sources can also be compensated for or negated as long as they are of a 
constant form. For example, an actuator can be used not operating in a perfect vertical 
thickness resonance, i.e. having some amplitude and/or phase variation in the vibration. This 
can be accounted for in the cavity shaping. The foregoing allows the use of longer transducers 
that are difficult to make without some lateral variation in vibration amplitude and phase. 

It is to be appreciated that the invention can be utilized in the context of a generator 
designed to operate with its cavity resonant in the vertical direction. If in such a generator the 
actuator is not operating in a perfect vertical thickness resonance as desired, the effect of this 
on the acoustic pressure distribution in the cavity can be compensated for by appropriate 
shaping of the cavity walls. 

In the droplet generator described above by way of example, the invention is utilised 
in operation between two length modes. It is to be appreciated that even at a length mode 
frequency, appropriate variation in the cross-sectional area of the ink cavity along its length 
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can be used to significantly 'flatten-out* acoustic pressure variation along the cavity. 

In the above description there is present in a unifonn cross-section ink cavity a standing 
wave the form of which is not as desired. This form is then tailored to improve it by varying 
the cross-sectional area of the cavity. In the description the tailoring is such as to achieve 
S unifonn jet break up. It can be imagined that the tailoring need not necessarily be such as to 
achieve uniform jet break up, but need simply be such as to achieve a desired jet break up 
profile along the line of nozzle orifices. 



